Cp: Specific heat (kJ/kg.K) Cs: Mole fraction of NaCl Ds; Diffusion coefficient of the NaCl, (m 2 /s) Dv/a: Diffusion coefficient of the vapour in the vapour/air mixture, (m 2 /s) Jv: Local permeate flux at the hot side of membrane, in vapour phase (kg/m 2 .s) k: Thermal conductivity (W/m.K) K: Permeability of the membrane (s/m) H: Membrane length (m) Mv: Molar mass (kg/mol) Pm: Average pressure partial of the air (Pa) PT: Total pressure (air + vapor) (Pa) r: Sze (m) rp: Membrane pore size (m) R: Universal gas constant (J/mol.K) r 1 : Interior radius of the membrane (m) r 2 : Exterior radius of membrane (m) T: Inlet temperature of hot solution (°C) Tm: Average temperature of the membrane (°C) Ve: Velocity at the inlet of the hot channel (m/s) Vr: Radial velocity (m/s) Vz: Axial velocity (m/s) Greek: ρ: Density (kg/m 3 ) ε: Porosity of membrane;
Introduction
In many countries, particulaly in Senegal at the delta of Saloum river, water is available but is saline or has a high composition of other chemicals, particularly those that are fluorinated. This water is often dangerous for domestic and agricultural use. Desalination is essential to resolve these problems. Several techniques can be used to desalinate brackish water, but it is significant that the delta of Saloum river is characterized by significant solar irradiation throughout the year [1] . The installation of processes based on phase changes such as Multi Effect Distillation (MED), Vapour Compression (VC), Mechanical Vapour Compression (MVC) and Multi Stage Flash (MSF) pose a local problem because of the resulting stripping of the contaminants. Thus, membrane processes such as Direct Contact Membrane Distillation DCMD, Air Gap Membrane Distillation (AGMD), Sweeping Gas Membrane Distillation (SGMD) and Vacuum Membrane Distillation (VMD) that use solar energy are more favourable.
Membrane processes are often underutilized or poorly used [2] . Many advanced earlier work has been done and experimental results to enhance these processes were reported [1] . Membrane techniques, depending on the amount of the available energy, such as thermal or reverse osmosis, distillation or flash successive expansions arrive daily to produce large quantities of fresh water. The global production, for these processes, was estimated to about 25%10 6 m 3 /d [3, 4] . However, the problem of reducing the energy consumption of desalination processes is becoming obvious more and more.
The demand for water is estimated to be, on average, 40 litres per person per day, and this production can be achieved by AGMD, a desalination technique considered promising due to its advantages, including low temperature (30°C to 90°C), and ability to use solar energy [5] .
A recent work on the state of the art of membrane distillation (MD) and its various applications was presented by El Bourawi [6] . The author showed that membrane distillation is an attractive process because it consumes little energy, making it very favourable for use in developing countries.
A very thorough and detailed study of AGMD was published by Aklaibi and Lior [7] . Its principal advantage compared to DCMD is the reduction of heat losses through the membrane. Their results were compared with previously published experimental results and provided information on the phenomena of transfer. Their principal conclusions are as follows:
• The diameter of the pores has a notable effect on the performance of the process;
• The inlet temperature of the hot fluid has an influence on the flow of the permeate and also increases the thermal effectiveness, whereas an increase in the temperature of coolant has a smaller effect on the growth of the flow rate and reduces the effectiveness slightly;
• The concentration of the saline solution at the entry has a negligible influence on the flow of the permeate and the thermal effectiveness;
• The speeds of the entry of the hot and cold solutions do not have a significant effect;
• The reduction of the thermal conductivity of the membrane improves the thermal effectiveness of the process and, more remarkably, increases the flow of the drinking water.
Other researchers including Meindersma, Guijt, Payo, Chouikh work on AGMD, but none of them used solar as the energy source [8] [9] [10] [11] .
More recently Mandiang have studied three different types of mass transfer modes through the membrane and compared with one another [12] . The results reported by these authors showed that the molecular flow is dominant, but a series combination of the three transfer modes is most appropriate for a better estimation of the vapour stream generated.
However, no study evaluated the daily production of fresh water and the speed profiles of the vapour in the membrane, so the purpose of the present paper is to build upon the work of the above mentioned authors by studying the daily production.
Description of the Set-up
Our work refers to a model of AGMD in which the flow of the fluids is counter-current. A diagram of this desalination technique is shown in Figure 1 . The saline feed water is heated in a unit comprising a solar collector and heat exchanger. This heated water passes through a pump whose flow is controlled and enters a tubular space composed of a hydrophobic microporous membrane through which the steam passes, capturing the nonevapourable portion of the water.
The difference in temperature between the interior flow of the tubular membrane and the external layer of air creates a difference in the pressure, which drives the vapour through the pores of the membrane. The vapour condenses on a cooled wall, and pure water is obtained at the button. Cooling is done by external streaming on a tube, and this water is recycled.
Mechanisms of Mass Transfer
This module for the production of drinking water uses the principle shown in Figure 2 . It is composed of two concentric tubes (zone of study). The interior tube is a hydrophobic membrane in which circulates a hot saline solution, and the external tube is a cold wall of condensation. Inside the wall of condensation, pure water oozes, while on the outside, cool water streams.
The three types of mechanisms shown in Figure 3 
Flow in the membrane
The equations governing the flow and the transfers of heat and mass in the hot feed water are:
• Momentum in the directions of r and z ( )
• Energy
All these equations are controlled using initial and boundary conditions
Modes of flow
Knudsen diffusion: In the theory of Knudsen diffusion, the transfer of gas is controlled by the successive collisions of the particles with a wall in the way of diffusion
Molecular diffusion: The relation of diffusive flow through a membrane is obtained by:
The equation showing the influence of the salinity and the temperature on the saturated vapour pressure is that of Raoul [7] :
where S is the salinity .
Viscous diffusion or law of one-tenth of poise: This model is based on the viscous flow of the vapour and is given by:
The partial pressure of the saturated vapour can be calculated according to Alkaibi [13] and Lior [14] by the following equation: 
where T is the temperature of the solution
Results and Discussion
Simulations were carried out with the following input data: k m =0.05 W.m -1 K -1 ; δ m =4.10 -4 m; Tc=20°C; ε=75%. Figure 4 exhibits the changes in the dynamic viscosity as a function of the water evaporation temperature. The shape of this curve suggests a low variation in this parameter in the investigated temperature range, so that for mass transfer simulation, the dynamic viscosity of the vapour can be estimated to be 10 -5 kg/m.s. Figure 5 shows the evolution of the excisable differential pressure across the membrane that enables it to get wet (contact angle higher than 90°). This figure illustrates the hydrophobicity of each membrane type. We note that high values of the surface tension as well as small pore sizes induce rather significant pressures differences. For this reason, the PTFE membrane is often used because it is more hydrophobic than the others (e.g., PVDF, PE). Figure 6 shows the evolution of the vapour radial velocity at the inlet of the membrane (r 1 is the inner radius) and at level z=0 m. This velocity was found to increase along the radius for given inlet velocities of the hot solution -from 0.1 m/s to 0.8 m/sand was shown to be higher at the wall of the membrane, which could enhance the water production. Figure 7 illustrates changes in the polarization coefficient of the temperature along the axial direction (z) as well as the influence of the membrane porosity. This coefficient was found to decrease from the inlet to the out-let of the tube as well as with the increase in membrane porosity.
The polarization temperature causes a significant loss of the driving force for transport (T hm -T gf ) compared to the imposed force (T f -T c ). This force is also reduced by the pressure drop of the water vapour due to the presence of salt on the supply side. A validation of the theoretical model was performed by comparing our results with the experimental results of Banat on a membrane [15] . The results reported by Baoan and Ding indicate that a value of the polarization coefficient of approximately 1.0, is acceptable and Figure 7 exhibits good agreement with these earlier results [16, 17] .
The inlet temperature effect on the transmembrane flow compared with the experimental work of Banat is illustrated Figure 8 , and our theoretical model is found to be in good agreement. The mass transfer for three flows depending on the inlet temperature of the feed water is exhibited in Figure 9 . Molecular flow was found to have the superior production in the investigated temperature range, and the values are in good agreement with the experimental values reported by Banat.
Molecular flux production for various membrane porosities has been investigated. Increasing porosity results in an increase in the flow rate Figure 10 , confirming that the membrane porosity must be higher than 70%. Figure 11 shows the temporal variation of the feed solution temperature during a hot typical workday, taking the shape of a bell curve when using a solar power system. The highest temperature was observed at 14:00 in the investigated areas. This time corresponds to the sunshine hour during the reference sunny day, at which the sunlight rate is found to be highest in the study area. This observation was confirmed by the result plot in Figures 12 and 13 , where the daily flux variations for Poiseuille's flow and for the distillate are shown, respectively. Figure 14 illustrates the influence of the temperature of the hot solution on the freshwater production for given input data (for H m =0.2 m and r 1 =2 mm). It can be easily observed that the fresh water production increases with the increasing hot water temperature, which is not a surprise. The efficiency of the membrane process has been assessed Figure 15 depending on the temperature of the hot salt water, and the best value was observed for 70°C. Figure 16 exhibits the daily fresh water production changes with the temperature of the hot solution for a typical work-day. On a sunny day, the highest temperatures and water production generated by the solar collector are observed between 11 h 30 and 16 h 30, when using a solar-power system in the areas investigated.
Conclusions
The present work provides a theoretical formulation and a numerical analysis of the mechanisms of the transport of mass, energy, and momentum in a membrane distillation unit with a layer of air, which is used for the desalination of sea water. A validation this model was carried out by comparing these results with the experimental results previously reported on a PTFE membrane. The polarization of temperature generates significant loss in the driving force compared to the imposed force. This force was shown to be also reduced by the decrease in the pressure with the inlet solution due to the presence of salt.
The quantity of pure water produced was determined using AGMD through the membrane, by fixing the height of the vapour column at various points on the axis of the membrane. This process of desalination by membrane distillation uses solar power as an energy source, making it of interest for certain arid areas. The production costs are lowered because of the reduction of the quantity of chemicals used for the pretreatment of the water, preventing the precipitation of salt on the components of the installation. The study in the dynamic regime enables observing changes in the daily production of freshwater.
However, the analysis of these results has identified the limits of the hydrophobic nature of the membrane. Later studies would contribute to an improvement at the same time of the solar-power system and the mathematical model. 
